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a b s t r a c t
The study examined the effect of fluid–structure interaction on global dynamic properties such as vibra-
tional frequency, mode shape, modal curvature, as well as free vibrational responses along E-glass com-
posite, carbon composite, and aluminum beams, respectively. The digital image correlation technique
was used to measure the free vibrational responses along the beams in air and water, respectively. The
vibration submerged in water exhibited higher frequency modes than the dry vibration under the same
excitation. Experimental modal analysis showed that the mode shapes were very close for an aluminum
beam with and without the FSI effect while there was a modest difference for a carbon composite beam
because the FSI effect is greater for the composite beam. Modal curvatures for the both beams are more
influenced by FSI, especially for the composite beam. The curvature is directly related to the bending
strain of the beam. This explains why the difference in strains measured for composite structures in
air and water, respectively, varies significantly from location to location of the structures under impact
loading. One location has much greater difference in strains than another location. The FSI can change
potential failure locations of the composite structures because of the change in modal curvatures.
Published by Elsevier Ltd.
1. Introduction
Though composites have been in use for nearly 30 years, only
recently has there been an increase in their use for marine applica-
tions and shipbuilding. The reason for this is threefold. The
strength to weight ratio of composites is ideal for creating light-
weight, high-strength boats and ships. By weight, a composite’s
strength and stiffness is on the same order as aluminum and steel
but is much lighter in comparison. This makes the craft much fas-
ter through the water and more fuel-efficient than its metallic
counterparts. Additionally, composites are less expensive over
their lifespan than the metals used in the majority of shipbuilding
today [1]. In shipbuilding, the light weight composites and struc-
tural modules are more easily handled during construction. Thus,
production time is decreased while also maintaining low produc-
tion costs.
Furthermore, as evidenced by many steel craft, corrosion is a
major factor in the lifespan of a ship. Many studies are being con-
ducted to combat the corrosion caused by seawater and large tem-
perature gradients encountered in daily operations [2]. Composites
provide a reliable solution to this problem given that they do not
corrode or decay and can remain in the water throughout their
long life. However, there has been limited testing of composites
in regard to reliability and durability over many years of rigorous
open ocean operations. One of the aspects to be considered for
composite ship structures is the effect of Fluid–Structure Interac-
tion (FSI).
The FSI can be interpreted as an added mass effect as well as
added fluid damping to vibrating structures when in contact with
a fluid medium such as water. The added mass effect changes the
dynamic responses of the vibrating structure such as decreasing
the natural frequencies. Analytical approaches to determine the
natural frequencies with the added mass effect were based on
the assumption that the mode shapes do not change with FSI while
the frequencies change [3–6]. Because FSI is a complex problem,
many numerical techniques have been developed by coupling
one solver for structures to another solver for fluid media [7–12].
The finite element method has been the most popular tool for
structural analysis while many different techniques have been
adopted for fluid analysis. Those techniques for fluid media in-
clude, but not limited to, finite element, control volume, boundary
element, lattice Boltzmann, cellular automata techniques.
The effect of FSI is especially significant regarding a polymer
composite structure since its density is close to the density of
water. Studies of polymer composites under low velocity impact
have shown that there is an increase in impact force with samples
tested while in contact with water due to the added mass effect
with the fluid medium [12–14]. The studies also have shown that
the natural frequencies of polymer composite plates, when in
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contact with water, decrease by approximately one-third of those
tested in air. Furthermore, the difference between measured
strains with and without FSI varies significantly from location to
location of composite structures under impact loading.
The objective of this study is to further understand the vibra-
tional characteristics of composite structures under the influence
of FSI. To this end, multiple experimental studies were conducted
for composite beam structures. The composite beams were inves-
tigated under clamped-free (cantilever) and free–free boundary
conditions, both in air and fully submerged in water, respectively.
The study contained herein utilizes two experimental techniques.
First, the Digital Image Correlation (DIC) technique measures the
free vibration response of a cantilever beam subjected to an initial
disturbance. Second, Experimental Modal Analysis (EMA) is per-
formed for a free–free beam using an impact hammer and acceler-
ometers to determine its vibrational frequencies and modes of
vibration. As well, the use of a high speed camera (HSC) system
provides real time images of the free vibration response of the
composite beams.
The next sections describe the test specimens and equipment
followed by the test procedure used in this study. Then, test results
are discussed by comparing the dry test data (i.e., in air) to the wet
data (i.e., in water). Finally, conclusions are provided at the end.
2. Test specimens and equipment
2.1. Water tank and testing apparatus
The water tank is constructed of 12.7 mm thick Plexiglas with
inner dimensions of 584.2 ! 279.4 ! 457.2 mm. The tank was
placed on a sturdy laboratory table where the tests were to be con-
ducted. It was filled with 19 gal of distilled water. The cantilever
testing apparatus was constructed of steel. The clamping mecha-
nism allows for a composite beam to be held in place with two Al-
len screws. An aluminum I-beam was placed behind the clamping
mechanism and attached to the base. This provides a guide for the
fishing line attached to each beam. This allows for the beam to be
initially displaced a specified distance and then released to vibrate
freely. A very thin fishing line was bonded to the tip of each com-
posite sample at the center of the width of the sample. Fig. 1 is an
image of the cantilever device with a composite beam. Construct-
ing it in this way allows the cantilever testing apparatus to be mo-
bile enough to be removed from the water tank in order to replace
the composite beams.
2.2. Dic setup
Careful attention was made when setting up and adjusting the
stereoscopic Charge-Coupled Device (CCD) cameras. The CCDs are
attached to a vertical mounting beam attached to a tripod. This al-
lows for adjustments relative to the mechanism in which the com-
posite is being tested, ensuring the proper focal length to acquire
clear images. The mounting beam also allows for the CCDs to be
spaced symmetrically about the specimen in order to achieve the
proper stereo angle. The stereo angle is based on the type of lens
being used. Here, 35 mm lenses are used which require a stereo an-
gle of at least 20!, with 60! being the absolute limit. All calculations
for spacing requirements in this setup use a stereo angle of 25!.
Simple geometry can be used to determine these requirements;
however, testing the composite beams in water brings forth a cou-
ple of aspects that cannot be overlooked. The aspects to be consid-
ered are image magnification, and light refraction and reflection as
discussed below.
Due to refraction, the water medium enlarges the image cap-
tured in DIC testing. According to Ref. [15], the degree to which
the composite beam is magnified can be calculated using the fol-
lowing equation:
M ¼ m 1þ ðdþ RÞ=D&½½1þmðdþ RÞ=D&
! "
ð1Þ
with R = 0.8 and m = 1.33. Here, R is the radius of curvature for the
camera lens, m is the index of refraction for water, D is the distance
from the beam to the Plexiglas, and d is the distance from the cam-
era to the Plexiglas. Those distances are measured in cm for Eq. (1).
Then, M is the image magnification. Adjustments were made in or-
der to capture the length of the beam. The final distance between
the composite beam and the camera was determined to be
76.84 cm. Since the distance D is equal to 29.85 cm, the cameras
were set to a distance d equal to 46.99 cm from the tank. This yields
an image magnification of 1.138. Therefore, the composite beam ap-
pears to be approximately 13.8% larger in water than in air for each
CCD. This equates to an apparent beam length of 23.11 cm. This is
valid assuming the initial displacement of the beam is small.
To eliminate the reflection of light from the free surface of the
water, the CCD cameras were aligned vertically from one another
on the mounting beam in order to capture images from the side
of the water tank. As well, the lighting system consisting of two
Lowell Pro lights was placed at angles from below the waterline
to achieve a uniform spread across the composite beam. This
essentially eliminated all of the reflected light to the CCDs. Light
refraction through the Plexiglas and water also affects the stereo
angle of the system. Achieving the desired stereo angle is accom-
plished through the use of Snell’s Law which states:
n1 sinðh1Þ ¼ n2 sinðh2Þ ð2Þ
where the subscripts one and two represent the initial medium
from which the light originates and the secondary medium through
which light refracts.
Solving for either h1 or h2 for light passing from a water medium
into Plexiglas and then from the Plexiglas to air allows for the
Fig. 1. Image of cantilever testing apparatus.
270 Y.W. Kwon et al. / Composite Structures 105 (2013) 269–278
determination of the initial and final stereo angles. To achieve the
desired minimum 25! stereo angle, the relative stereo angle of the
CCD’s must be 33.4!. The operational set up, with all adjustments
being complete, is shown in Fig. 2.
2.3. Modal analysis setup
Since this test was conducted in air as well as while submerged
in water, the accelerometers needed to be waterproofed prior to
any tests being conducted. Since the impact hammer could not
be reasonably waterproofed, a steel rod was used as an intermedi-
ate medium between the impact hammer and the beam specimen.
The validity of this technique is discussed in Section 3.
Following the fabrication of the composite beams and water-
proofing of the test equipment, 10 accelerometers were evenly
spaced and attached to the underside of the test beam. The impact
hammer and accelerometer outputs were routed to a digital signal
analyzer for data acquisition and analysis. The test beam was held
by flexible lines at both ends to represent a free–free beam. For
testing in water, the test beams were leveled in the center of the
water level in the tank.
2.4. Composite specimens
The composite beam test samples were constructed using the
vacuum assisted resin transfer molding technique to mimic the
technique used in marine construction. Two kinds of composite
specimens were fabricated. The first kind consists of varying layers
of non-biased, plain weave 6 oz E-glass laid at both 0!/90! and
+45!/(45! orientations. The vinyl ester resin used for this process
was Derakane 510A-40 epoxy and was cured at room temperature
for 24 h followed by 2 h at 120 !C. Table 1 provides an overview of
the composite sample dimensions being used in this study. These
samples were tested using the DIC technique.
The E-glass composite samples are flexible so that they are good
to measure the vibrational motion using DIC. However, they are
not suitable for experimental modal analysis where accelerometers
need to be attached. This requires a much stiffer beam. As a result,
a carbon composite beam was fabricated using TORAY T700CF car-
bon fiber weave. The same resin and fabrication technique was
used. The carbon beam specimen is 25.1 mm wide, 4.47 mm high
and 461 mm long.
Several samples of each ply orientation were tested using the
DIC technique. When subjected to an initial disturbance, the corre-
sponding free vibration is low enough to be captured by the low-
speed cameras. To ensure accurate deformation/displacement
measurements, it is vital to apply a good speckle pattern. For this
experiment, the speckle pattern was applied using the spray paint
technique. First, a base coat of flat white paint was sprayed on the
surface of the composite. Once dried, a thin black mist was applied
to create the speckle pattern. This was accomplished by inverting
the spray can and throttling the nozzle approximately 2 feet above
the specimen. In doing so, a properly sized and spaced speckle pat-
tern was customized for this experiment. All sides of the composite
Fig. 2. Operational DIC setup.
Table 1
Overview of composite sample dimensions and orientation.
DIC test composite samples
# Layers Orientation Length Width Thickness
in mm in mm in mm
6 0!/90! 8.75 222.3 1 25.40 0.048 1.22
6 +/(45!
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samples where cuts were made were also painted to prevent water
intrusion into the sample.
3. Test procedure
Initial testing was conducted in air to provide a baseline for
comparison with all other conditions of testing. It is used to iden-
tify the differences in responses of the composite samples with FSI
in water. For DIC testing, the beams were held in the cantilever
testing apparatus. For the impact hammer testing the beam was
held in a free–free condition with 6lb fishing line suspended from
the ceiling with a rubber band link between each and loosely tied
around the beam at its predicted first mode nodal points. Because
composites may absorb moisture while testing in water, which af-
fects the material behaviors, testing of the composites was con-
ducted in air before and immediately after the tests submerged
in water to ensure water intrusion did not occur affecting the com-
posite samples. Comparing the two air test data showed that the
results are the same confirming there was no water intrusion
affecting the material properties.
The water tank was filled with approximately 70.4 l of distilled
water bringing the water level to 431.8 mm above the bottom of
the tank. For DIC testing the water level was 133.35 mm above
the tip of the composite beam after being placed in the support.
The water level for the modal analysis was 215.9 mm above the
sample as it was suspended in the center of the water tank in its
free–free condition. Using distilled water limited the amount of
particles in the water that could adversely affect the images during
DIC testing.
A standard three-point bend test was conducted to determine
the bending stiffness EI in order to calculate the theoretical fre-
quencies of the composite beams with the given boundary condi-
tions. This test was conducted using all samples of each layer
sequence. An Instron testing machine was utilized to measure
and record force and deflection data. The bending stiffness was
computed using Euler–Bernoulli beam theory, where the deflection
of a simply supported beam with a span length L and a center-wise










In addition, the density q was obtained by measuring the mass
m and volume V. Table 2 provides the bending stiffness of each
beam as determined by the methods described, and the density
is 1799 kg/m3.
In order to determine the camera settings for the DIC testing
technique, the frequency of vibration must first be determined.
The beam can be modeled as a continuous system in which its nat-
ural frequency is given in terms of a constant bnL corresponding to






; n ¼ 1;2;3; . . . ð5Þ
where A is the cross-sectional area of the beam, and the values bnL
for the first three modes are listed in Table 3.
As a continuous system the free–free beam was modeled in
much the same way as the cantilever beam with the exception of
the boundary conditions. Here, the values for bnL are as listed in Ta-
ble 4 for non-rigid body modes. Due to the addition of mass by the
10 accelerometers, it is reasonable to expect that the experimental
natural frequency will be lower than the theoretical natural fre-
quency. Accounting for the mass of the 10 accelerometers, the den-
sity of the beam is modified by including the mass of
accelerometers.
3.1. DIC test procedure
Since the DIC technique is accurate to approximately 0.02 pix-
els, the exposure time should be set to contain the motion of the
object to this value or less [16]. The field of view for the
1628 ! 1236 cameras is 215.9 ! 158.8 mm. Here, the magnifica-
tion is about 0.13 mm/pixel. Thus, the ideal motion needs to be be-
low 0.0026 mm. The equation of motion for a point in the beam is
given as:
Xm ¼ X0 sinðwnt þ /Þ ð6Þ
where X0 is the amplitude of the resulting motion and wn is the nat-
ural frequency of the beam in rad/s. Thus, taking the derivative of
Eq. (6) yields:
_Xm ¼ X0wn cosðwnt þ /Þ ð7Þ
which gives the maximum velocity of the cantilever as 107.5 mm/s.
The ratio of the maximummotion to maximum velocity results in a
maximum exposure time of 24 ls. However, given there is little
pixel movement with the out of plane motion of the beam and
the use of halogen lighting, it is reasonable to set the exposure time
to 100 ls in order to achieve accurate results without any blur in
the images. Testing the beam while submerged in water greatly re-
duces the velocity given that the frequency of vibration is reduced
by approximately one third [13,14]. Therefore, the same exposure
time can be set for tests in air and in water.
Given the period of vibration of the cantilever beam as
72.89 ms, the sampling rate for the DIC test should be set to a min-
imum of 36.44 ms to satisfy the Nyquist critical frequency [17].
However, the use of the low speed cameras in this test will not al-
low for this sampling rate. Thus, the sampling rate was set to cap-
ture images at a rate of 5 Hz. In other words, images are captured
every two and a half periods. This is sufficient only in visualizing
the displacements of the beam at specific times as a linear combi-
nation of mode shapes. In water, the period decreases to approxi-
mately 220 ms which will provide the same visualization of
Table 2












Values for bnL for the first three
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displacements at specific instances of time. Due to the inability of
the CCDs to reach the desired sample rate, a separate HSC was uti-
lized in conjunction with the DIC testing in order to estimate the
frequency of vibration of the composite beams. The HSC was
placed perpendicular to the edge of the beam and the sampling
rate was set to 1000 Hz. The exposure time was set to 20 ls.
Once the exposure time and sampling rate were set, a 12 ! 9
grid with 9 mm spacing was used to calibrate the stereoscopic
camera system for testing. Following calibration, an index picture
was taken to provide a basis for correlation. Then the beam was
displaced with the attached fishing line and released at the same
instance when the cameras were triggered. The cameras recorded
images for 15 s at the set sampling rate. Nine separate composite
beams were tested of each ply orientation in air, then while sub-
merged in water, followed by a second round in air. The acquired
data was post-processed using the VIC-3D software in which the
correlation was run with a subset of 21 pixels at a step of 5 pixels.
A smoothing function was applied to the Z-coordinate displace-
ment data utilizing a decay filter of 15 pixels. All errors and calibra-
tion parameters were recorded for each correlation.
3.2. Modal analysis test procedure
Thus the sampling rate of the DSA was set to 500 Hz which cor-
responds to 2 ms and meets the Nyquist criterion [17]. Due to the
inability to waterproof the impact hammer for testing in composite
beams submerged in water, a 6 in. steel rod was held on the beam
and tapped with the hammer to transfer the force to the beam. The
rod was removed immediately after impact and prior to the re-
bound of the beam. Any test where the rebound resulted in contact
with the rod was discarded and repeated.
The accuracy of this method was tested on an aluminum beam
with dimensions of 279.4 ! 25.4 ! 6.35 mm. It was outfitted with
10 accelerometers evenly spaced along the centerline of the beam
in the same way as the composite beams. First, the beam was
struck with the impact hammer at the center of the end directly
over the first accelerometer. This test consisted of five frames for
averaging. A second test was conducted by striking the steel rod
as it was held in the same location as the previous test. Again, five
frames were represented for averaging. It appears that impacting a
steel rod resting on the composite beam and removing it prior to
rebound has little, if any, effect on the accurate vibration testing.
Mode shapes are identical in both methods with less than a third
of a percent difference in natural frequencies. With the validation
of this method, it was utilized for all testing whether in air or in
water to provide consistency among testing.
4. Results and discussion
Initial testing in air was completed to provide a baseline for
comparison with all other testing environments. Testing was then
conducted in a water environment in order to determine changes
Fig. 3. Typical moiré pattern on representative sample with fine speckle pattern.






















Air vs. Water Displacement
In Air
In Water
Fig. 4. Displacement of composite beam in air and water environments.
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in the response of free vibration. This was followed by more testing
in air to show repeatability as well as to show that water intrusion
into composite specimens is not a factor to be considered. Samples
of each orientation with the fine speckle pattern were not used for
analysis due to aliasing of the data. Fig. 3 shows the presence of the
moiré pattern on a representative sample. This is likely due to the
high resolution of the pixels in the image.
4.1. DIC results
Fig. 4 illustrates a representative sample of the displacement
of the composite beam in the water environment as compared
to its reference in air. This is used as a measure of validation in
that acquiring images with the CCDs through a water medium
is accurate when compared to images acquired through an air
medium. The tip of the beam was displaced 19.05 mm which
was measured along the length of the beam in both air and water
environments. This measure consisted of 100 evenly spaced
points along the centerline of the beam. As shown in Fig. 4, there
is good agreement between the displacements in each of the test-
ing environments. However, there is a slight discrepancy at the
tip of the beam. There is a about a 2% difference in the tip dis-
placements from each environment. This difference may be due
to the distortion of the image at the tip caused by amplitude in
the out-of-plane displacement.
The images taken by the HSC were used to determine the exper-
imental natural frequency of the vibrating beams. This was accom-
plished by measuring the period of oscillations between frames as
shown in Fig. 5. The image on the left represents the beginning of
the period and the image on the right represents the end of the
period. The time was measured as a function of the frame rate,
and then the damped natural frequency was computed from the
time of period. Multiple periods were determined for each beam
to improve the accuracy.








4p2 þ 1n(1 ln x1xn
$ %h i2r ð8Þ
The amplitudes for x1 and xn were extracted from the response at
the tip of the beam as represented in Fig. 6. The undamped natural
frequency was calculated from the damped natural frequency and
the damping ratio. Tables 5–8 provide the theoretical and experi-
mental fundamental frequencies of each beam in the air and water
environments, respectively.
The theoretical values for natural frequency listed in Tables 5
and 6 were calculated using Eq. (5) with the dimensions of each
Fig. 5. Determination of the period of oscillation using HSC images. (a) First free vibration peak at 0.2228 s. (b) Second free vibration peak at 0.2982 s.


















Y:    4.823
Xn:  3.0s
Y:    0.4842
Fig. 6. Representative sample of tip displacement as a function of time for the
determination of damping.
Table 5
















I 13.49 13.16 0.1856 13.39 0.74
II 13.59 13.29 0.1570 13.46 0.95
III 13.57 13.26 0.1640 13.44 0.98
IV 13.53 13.12 0.2310 13.48 0.34
V 13.46 13.27 0.1192 13.37 0.67
Table 6
















I 11.44 11.08 0.2938 11.60 1.36
II 11.62 11.26 0.2782 11.73 0.92
III 11.68 11.39 0.2431 11.74 0.56
IV 11.54 11.39 0.2134 11.66 1.05
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beam. These values are in good agreement with the obtained
experimental natural frequencies. The average natural frequencies
for the 0!/90! and ±45! orientations are 13.43 Hz and 11.68 Hz
with average errors of 0.73% and 0.9%, respectively. The frequency
is lower for the ±45! samples, which is expected due to the de-
creased bending stiffness. However, the damping ratio was consis-
tently higher in the ±45! samples.
For the tests conducted in water, the average natural frequen-
cies for the 0!/90! and ±45! samples are 4.92 Hz and 3.58 Hz,
respectively. The ±45! samples again showed lower frequencies
than the 0!/90! samples. The natural frequencies for the beams
when tested in air are much higher than when tested in water. This
is expected due to the added mass effect in FSI. On average, the
added mass effect on the beams in a water environment decreases
its natural frequency by around two thirds of those seen in an air
environment. In other words, the frequencies of the composite
beams in air are approximately three times greater than those in
water.
Since a system under free vibration will vibrate at one or more
of its natural frequencies, its response shape is described as the lin-
ear combination of mode shapes. In other words, the shape of
which the beam takes on at an instance of time is seen as the
weighted sum of all mode shapes. Each natural frequency corre-
sponds to a specific mode shape.
Since the initial displacement of the beam closely resembles the
mode I shape, it is reasonable to expect that this shape will domi-
nate in its free vibration response shape. Figs. 7 and 8 are the free
vibrational response shapes for E-glass composite beam in air and
in water. Each line in the graphs is representative of the displace-
ment along the length of the beam. The top graph in each figure
corresponds to the first couple of seconds (i.e. early time) as the
beam is in free vibration. The bottom graph corresponds to the
remaining recorded time in 2 s intervals (i.e. late time).
It is apparent that mode I is the dominant shape for the first
couple of seconds in the free vibration in Figs. 7 and 8. As time pro-
gresses, the response shape in air remains relatively the same as
the mode I as shown in Fig. 7. There are minor ripples present in
the dynamically deflected beam shapes, but the ripples are proba-
bly caused by noise in the system. In water, however, the result is
much different. Fig. 8 shows multiple peaks and valleys along the
Table 7
Natural frequencies of 0!/90! composite cantilever beam in water.
Sample No. Damped freq., fn (Hz) Damped freq. ratio







Natural frequencies of (45!/45! composite cantilever beam in water.
Sample No. Damped freq., fn (Hz) Damped freq. ratio





































t = 6s t = 8s t = 10s t = 12s t = 14s
Ref Image Initial Displ t = 1.2s t = 1.4s t = 1.6s t = 1.8s t = 2s
Fig. 7. Free vibration response shape in air at various times for E-glass composite
with 0!/90! lamination.
















Ref Image Initial Displ t = 1s t = 1.2s t = 1.4s t = 1.6s t = 1.8s

















t = 6s t = 8s t = 10s t = 12s t = 14s
Fig. 8. Free vibration response shape in water at various times for E-glass
composite with 0!/90! lamination.
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vibrational shapes of the beam at the various times. The response
shape appears to remain the same throughout the test period, lead-
ing to the conclusion that this phenomenon results from FSI. That
is, the composite beam in water has the vibrational response con-
sisting of the dominant mode I and other higher modes. As time
elapses, the dominant mode I dissipates quickly, and the higher
modes show up distinctly at later times. If the hydrodynamic mass
was applied uniformly to the beam resulting from FSI, the re-
sponses of the beam would be close each other in air or water ex-
cept for the vibrating frequencies. Both 0!/90! and +45!/(45!
composites showed the same characteristics when comparing the
vibrations in air and water, respectively. However, the 0!/90! com-
posite gave a more drastic change with FSI.
Fig. 9 shows the fringes of transverse displacements of the com-
posite beam at 2.4 s in water. The higher mode effect with FSI is
clearly seen in the figure which is consistent with that in Fig. 8.
4.2. Modal test results
The EMA was conducted for both aluminum and carbon-fiber
composite beams. The same tests were conducted while the spec-
imens were in air or in water to compare the FSI effect using the
Fig. 9. Contour plot of transverse displacements along the length of the cantilever beam in water at 2.4 s after initial displacement for E-glass composite beam with 0!/90!
lamination.
Table 9
Un-damped natural frequencies of the free–free aluminum beam in air.





Damped natural frequencies of the free–free aluminum beam in air and water.
Mode Freq. in air (Hz) Freq. in water (Hz) Ratio of freq. in water to air
1 140 98.6 0.70
2 392 274 0.70
3 772 538 0.70







Aluminum Beam Mode 1
Air
Water






Aluminum Beam Mode 2
Air
Water







Aluminum Beam Mode 3
Air
Water
Fig. 10. Comparison of mode shapes of free–free aluminum beam in air and water.
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modal testing. All the beams were tested with the free–free bound-
ary conditions. First, the test results of the aluminum beam are
presented.
Table 9 compares the undamped natural frequencies of the
free–free aluminum beam in air to the theoretical values. The mod-
al analysis measured the damped natural frequency and the damp-
ing ratio. Then, the undamped natural frequency was computed
from the two values because the theoretical frequency is the un-
damped natural frequency. The comparison is very good for the
first three modes. The three mode shapes also show excellent
agreement between the theory and measurement in the air. The
use of 10 accelerometers for the specimen restricted the number
of mode that could be identified. Furthermore, Table 10 shows
the comparison of damped natural frequencies of the free–free alu-
minum beam in air and water, respectively. The result indicates
that the first three natural frequencies are reduced by 30% with
the FSI effect. The FSI effect on frequency was very uniform for
each mode.
The comparison of mode shapes in air and water is given in
Fig. 10 for the aluminum beam. In this and all subsequent plots,
the beam length was normalized to be unity. The three mode
shapes are very close between the cases in air and water, respec-
tively. The curvature of each mode shape was computed using fi-
nite differencing of the interpolated measured mode shape.
Fig. 11 shows the comparison for the first three modal curvatures
between in-air and water, respectively. The first and second modal
curvatures show a difference between the two cases near the right
end of the aluminum beam while the third modal curvatures are
very close each other.
The next tests were performed for a carbon composite beam.
Table 11 compares the natural frequencies of the composite beam
in air and water, respectively. Like the aluminum beam, FSI re-
duced the natural frequency by approximately 40%. Comparing to
the aluminum beam, the FSI effect resulted in a larger reduction
in the natural frequencies of the composite beam. This is because
the density of the composite beam is lighter than the aluminum
and closer to the water density, which resulted in a larger FSI
effect.
When the mode shapes are compared for the composite beam
in air and in water, there is a sizable difference as shown Fig. 12.
The difference in mode shapes between the air and water tests is
certainly greater for the composite beam than the aluminum beam
because the FSI effect is greater for the composite beam. It is men-
tioned that due to the lightness of the composite beam, some of
these differences in mode shapes in air and in water could be
attributed to more pronounced differences in the ability to effec-
tively excite the beam using impact excitation. This is because
the relatively low inertia of the beam made it more difficult to im-
part energy through an impact. This effect was more pronounced in
air than in water, due to the added mass in water. It is noted that
the coherence function was monitored during the collection of all
frequency response functions, and was very good to excellent in
all cases. The curvatures of all three modes are quite different for
the composite beams tested in air and water, respectively, as
shown in Fig. 13. The largest difference occurs in the first and sec-
ond modes of the composite beam, which is the case for the alumi-
num beam.
The modal curvature is the second derivative of the mode
shape. That means, while the mode shape is associated with the
beam deflection, the modal curvature is related to bending strain
of the beam. This result supports the finding in the previous impact
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Fig. 11. Comparison of modal curvatures of free–free aluminum beam in air and
water.
Table 11
Damped natural frequencies of the free–free carbon composite beam in air and water.
Modes Freq. in air (Hz) Freq. in water (Hz) Ratio of freq. in water to air
1 103 60.0 0.58
2 272 166 0.61
3 552 329 0.60
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Fig. 12. Comparison of mode shapes of free–free carbon composite beam in air and
water.
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testing on beam and plate structures in air and water, respectively
[13,14]. In the previous studies, more than a dozen strain gages
were attached to a composite plate which was clamped along the
edges. The same composite plate was impacted in air (called dry
impact) first and in water (called wet impact) later, respectively.
The impact was applied such that it did not induce any damage
to the composite plate and so that the plate behaves in a linear
elastic matter. Strain responses were compared between the dry
and wet impacts at the same locations. At one location, both strains
show similar time-history responses at least qualitatively while at
another location, the two strains show very different time-history
responses. If the mode shapes, and hence the modal curvatures,
were not affected by FSI, the comparison of strain responses be-
tween the dry and wet impacts would be similar from location to
location.
5. Conclusions
This study was conducted to gain a better understanding of
polymer composite materials used in marine applications under
conditions in which FSI occurs. To this end, experimental studies
were conducted to examine both free vibrational responses and
modal characteristics of composite beams made of E-glass and car-
bon fiber composites, subjected to FSI. An aluminum beam was
also tested to be compared to a composite beam in terms of the
modal behaviors. The DIC, HSP, and EMA were used for the tests.
As expected, the added mass effect of FSI reduced natural frequen-
cies of the beams when they are in water compared to those in air.
Since the E-glass composite has the lowest density, the reduction
in natural frequencies due to FSI is the largest with 50% while
the aluminum has the highest density among the three materials
and the reduction is 30%. The carbon composite is in between with
a reduction of 40%. All the comparisons were made with free–free
beams.
The FSI also influenced the mode shapes. The effect on the mode
shapes was measurable for the carbon composite beam while it
was very small for the aluminum beam. The FSI influenced more
significantly the curvatures of the mode shapes, especially for the
composite beam. The degree of influence varies from mode to
mode. In general, the first and second modal curvatures have large
differences between the air and wet tests. The difference in modal
curvatures is important because the bending strain is directly re-
lated to the modal curvature rather than the mode shape. The test
results explain why the difference in measured strains of a com-
posite plate in air and water, respectively, under impact loading
varies from location to location of the plate [13,14].
Free vibrational responses of E-glass composite beams showed
that FSI activates high frequency modal components in the vibra-
tion. As a result, the beam submerged in water has more transverse
motions along span not correlated with a first mode shape even
though the beam was excited with the initial deformed shape very
close to the first modal shape.
The results of this study show the significance of the added
mass effect of FSI on dynamic behaviors of polymer composites
which is due to their densities being comparable to the density
of water. The FSI can shift the critical failure location in composite
structures because it affects the modal curvatures significantly,
which was observed in a previous study.
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Fig. 13. Comparison of modal curvatures of free–free carbon composite beam in air
and water.
278 Y.W. Kwon et al. / Composite Structures 105 (2013) 269–278
